Naturally occurring degenerative lesions of nerve fibers in the spinal cord, spinal roots and peripheral nerves in nine male rats 877 days old were swollen myelin sheaths, forming "myelin bubbles." The myelin swellings were distributed throughout the spinal tracts and the peripheral nerves, but most frequently in the lumbar ventral spinal roots. Although most axons surrounded by swollen myelin were intact, some were constricted and degenerated, while others showed signs of remyelination.
Spinal cord, spinal roots and peripheral nerves of aging rats contain many degenerating nerve fibers. Males and females of various strains are susceptible: Sprague-Dawley [2, 11, 181, small Wistar [ 101, Charles River [7] , small Wistar (WAG/ Rij), brown Norway (BN/Bi) and especially the F1 hybrid of the latter two strains [3, 4] . The lesion appears at the age of 18 to 20 months [7, 101 and affects particularly the lumbar spinal roots. Wallerian degeneration of nerve fibers, macrophages, distended myelin sheaths and segmental demyelination have been described, but the pathogenesis of the lesion remains unclear. This report analyzes the fine-structural features of this neuropathy and suggests swelling of myelin and demyelination as the crucial defect.
Materials and Methods
Nine untreated male rats of Sprague-Dawley descent (TiCRAI) were kept under specified pathogen-free laboratory conditions, housed in groups of four or five in macrolon cages (type 4) in an air conditioned room (temperature 22°C f IOC, relative humidity 55% f 5%, 10 hours light/day), and offered standard pelleted diet and water ad libitum. When they were 871 days old, the rats were anaesthetized and perfused through the heart with 4% paraformaldehyde followed by 5% glutaraldehyde, each in phosphate buffer (0. IM, pH 7.4). Samples were taken from the cervical, thoracic and lumbar spinal cord, lumbar spinal roots and dorsal root ganglia (L4), and the tibia1 and medial plantar nerves. Tissues were postfixed with Dalton's chrome osmium tetroxide [17] , dehydrated in graded acetone, and embedded in epoxy resin. Onemicrometer sections were cut, stained with toluidine blue and examined with the light microscope. Thin sections of spinal roots were stained with uranyl acetate and lead citrate and examined with the electron microscope. Samples of the peripheral nerves were teased apart with fine needles to obtain single myelinated nerve fibers. From 18 to 31 fibers were teased from each sample. Histology of formaldehyde-postfixed, paraffin-embedded tissues stained 335 with haematoxylin and eosin (HE) showed myocardial scars in four rats, chronic interstitial nephritis in three, chronic pyelonephritis in one, clear cell adenoma of the kidney in one, chronic urinary cystitis in one, transitional cell papilloma of the urinary bladder in one, purulent prostatitis in one, interstitial cell tumor of the testicle in one, pituitary adenoma in two, pancreatic islet cell adenoma in two, pheochrornocytoma in one, fibroma of the subcutis in one and fibroadenoma of the mammary gland in one. No obvious relationship could be established between these lesions and degeneration of nerve tissue. The rats did not show clinical signs of a neurologic disease such as ataxia or paralysis; they moved a bit more awkwardly than young rats, however, apparently because of their larger body size.
Results
In all nine rats, deterioration of the normal structure of nerve tissue was predominant in the lumbar ventral spinal roots and affected the large myelinated nerve fibers. Numerous widely distended myelin sheaths were seen with the light microscope ( fig. 1 ). Frequently, a disproportionately small axon covered by a thin inner layer of myelin was enclosed by an unusually large outer myelin sheath. The clear space between the inner and the outer part of the myelin contained several loose membranous structures (fig. 2). A few macrophages inside the swollen myelin sheaths covered the constricted axons and phagocytized myelin remnants ( fig. 3 ). Longitudinal sections of swollen fibers showed that the inner and outer parts of the swollen myelin sheaths sometimes were continuous. In certain areas, axoplasm obviously was constricted by multiple intrusions of small myelin loops ( fig. 4 ). Some nerve fibers in the ventral roots showed signs of wallerian degeneration; they were darkly stained and collapsed, and their fragments were phagocytized. Other fibers were remyelinated, with unusually thin myelin sheaths for the axon diameter and many Schwann's cell nuclei distributed along the fiber. Areas of endoneurium devoid of myelinated nerve fibers indicated partial loss of neural parenchyma.
The most common finding in the teased-fiber preparations of peripheral nerves was advanced wallerian degeneration in the form of occasional clusters of myelin balls in otherwise empty strands of teased fibers (evident in approximately 18% of the fibers teased from the tibial nerve and 6% of those from the medial plantar nerve). Early wallerian degeneration of nerve fibers into large fragments was seen in 10% of the tibial and 4% of the medial plantar nerves. Segmentally demyelinated fibers with preserved axons but attenuated myelin sheaths in one or more segments were found less frequently (in 3% and 2% respectively). In addition, about 6% of the fibers teased from the tibial nerve showed swelling of myelin sheaths with axons still preserved ( fig. 5) . About half the time, this myelin swelling was associated with segmental demyelination.
Dorsal roots and spinal tracts had lesions similar to those of the ventral roots, but were affected less severely ( fig. 6 ). Most neuronal perikarya in the dorsal root ganglia and the ventral horns of the spinal gray matter showed no abnormal features except some increased lipofuscin deposit. Electron microscopy of spinal roots showed that: I. The structure of axons enclosed within the swollen myelin segments usually was intact. In areas of extreme myelin swelling, the axons seemed to be shrunken, with fig. 7) : myelin lamellae separated at intraperiod line. Bar = 3 pm (same bar in inset = 0.14 pm). a creased outline and compact axoplasm. 2. Splitting of myelin lamellae occurred at the intraperiod line. 3. The inner and outer myelin rings were connected here and there by loosened myelin lamellae, indicating their continuity. 4. Degenerating myelin lamellae were changed into foamy debris ( fig. 7) . 5. There was no apparent injury to Schwann's cell organelles in swollen fragments.
Discussion
Our observations suggest that myelin disorder is the prevailing lesion in the ventral spinal roots of aging rats. Swelling of myelin sheaths occurs along with demyelination and remyelination of numerous axons. If in the process of remyelination of rat spinal roots the proliferation of Schwann's cells is enhanced, as has been observed following X-ray irradiation [lo] , "onion bulbs" similar to those in hypertrophic neuropathy are formed. We do not know the cause of myelin deterioration in aging rats. In the human peripheral nerve, aging is associated with naturally-occurring segmental demyelination and remyelination, which has been related to bruising of limb nerves, ischemia, or atrophy of axis cylinders [5] .
Structural changes found in the myelin sheaths of aging rats are not specific to this species and condition. Myelin swelling, demyelination and remyelination have been described in the spinal roots of aging dogs [8] . Splitting of myelin lamellae and marked distention of the myelin sheath are part of the common pattern of myelin degeneration. This phenomenon occurring proximal to experimental neuromas has been studied [ 161; such changes were called "myelin bubbles." Experimental conditions in which "myelin bubbles" were seen [ 171 include intoxication (hexachlorophene, triethyl tin, isoniazid, cuprizone, acetyl ethyl tetramethyl tetralin, diphtheria toxin, lead, cyanate, actinomycin D), metabolic disorders (vitamin BE deficiency, hyperglycinemia, hyperammonemia, experimental Wernicke's encephalopathy), autoimmune demyelination, and trauma.
Natural demyelinating diseases of man and animals (spongy degeneration of the central nervous system, multiple sclerosis, and central pontine myelinolysis in man, congenital brain edema of Hereford calves, border disease of lambs, spongiform leucoencephalopathy in dogs, spongy degeneration of the central nervous system in kittens and spontaneous demyelinating disease of adult rats) also show this type of lesion [ 1, 9, [13] [14] [15] [16] . In most of these conditions, myelin is split at the intraperiod line, but in some cases, splitting of both the intraperiod and the major dense line, as well as early distention of the periaxonal space, were recorded [ 1, 151. It is not known why in aging rats the lesion prevails in the lumbar ventral spinal roots. Some myelinopathies are restricted to certain areas of the nervous system, while others are ubiquitous. Apparently the pattern of distribution of the lesion in the nervous system is the most significant characteristic of particular demyelinating conditions.
Occasional degeneration of axons seen in the present study could be secondary to myelin change. In demyelinating diseases the axons usually remain intact. The tendency of axons in aging rats to degenerate could be either related to decreased neuronal viability, or an expression of extreme severity of the myelin lesion. Gombault, who discovered segmental demyelination, considered this condition to be a pre-wallerian degeneration phase [5] . This view has been confirmed by more recent observations [6] , and seems to be compatible with the specific characteristics of aging rats. This sequence of events, however, occurs only in particular kinds of degeneration. In remyelinated nerve fibers and in a number of purely demyelinating conditions, the lesion remains confined to myelin, while in the early stage of axonal disease (axonopathy), myelin can remain intact.
On the other hand, it is also possible that both the myelin bubbles and the wallerian degeneration are common sequelae to a nerve injury: bulbous myelin swellings central to a crush injury in rabbit and cat peripheral nerves have been seen [ 161, and intramyelin and periaxonal swellings have persisted for several months after a compression of medial popliteal nerve in the baboon [ 121.
Conclusive evidence of the causal relationship between the myelin bubbles and the degeneration of nerve fibers in aging rats will not be available until the chronological development of both lesions has been studied. 
